We present first-principles investigations on the structural, electronic, and polarization properties of Bi 2 ZnTiO 6 using density-functional theory within the generalized gradient approximation. The theoretical structure we obtained confirms the extra large tetragonality observed by experiment. The materials exhibit a semiconductor behavior with an indirect band gap determined by the occupied O 2p and unoccupied Bi 6p states. There are strong hybridization effects between Bi-O ions, as well as Ti-O and Zn-O ones. The resulting covalent bondings, having a PbTiO 3 -type two-dimensional character, strengthen each other and favor the coupling between the tetragonal distortion of unit cell and the off-center displacement of A and B-site cations and O anions due to the existence of Zn, and result in the large tetragonality of this compound. Berry-phase calculation gives the polarization as high as 122 C / cm 2 .
I. INTRODUCTION
Perovskite BiMO 3 compound with a ABO 3 structure shows a versatility in physical properties which depend on the type of M ions. When M is a magnetic element, such as Fe and Mn, the material is multiferroic.
1-3 When M is nonmagnetic, such as Sc, it is a high-temperature piezoelectric when it forms a solid solution with PbTiO 3 ͑PT͒.
4-10 Recently, BiMO 3 has been theoretically predicted to be a promising lead-free ferroelectric, piezoelectric, or multiferroic material. 11, 12 Unfortunately, most of the BiMO 3 compounds are unstable, except for BiFeO 3 and BiMnO 3 . Therefore, many efforts have been put into the synthesis of BiMO 3 using high-temperature high-pressure techniques [13] [14] [15] [16] or into the searching of the more stable structure by forming the B-site complex BiMM'O 3 compounds such as Bi 2 NiTiO 6 , 17 Bi 2 MnNiO 6 , 18 and Bi 2 MgTiO 6 . 19 While most of these compounds possess GdFeO 3 -type distorted perovskite structure, Bi 2 ZnTiO 6 ͑BZT͒ synthesized under high pressure shows a tetragonal structure with a special high tetragonality c / a = 1.211 among Pb-or Bi-based perovskite materials. 20 The large tetragonality of BZT was speculated to result from the coupled distortion of A-and B-site cations due to the special coordination geometry. It is well known that the tetragonality is related to the polarization, 21 piezoelectricity, 22 and pyroelectricity. 20 Hence, BZT with large tetragonality should be a promising candidate for multifunctional materials. Thanks to the large tetragonality of BZT, its solid solutions with other perovskite materials are promising high T c ferroelectrics. 23 In addition, BZT itself is a potential pyroelectric with excellent properties for technical applications.
In fact, it is difficult to grow a BZT single crystal for studying the origin of tetragonality. To the best of our knowledge, there is so far no theoretical study on the origin of the large tetragonality in this compound. In this work, we have performed a series of first-principles density-functional calculations on the structural and electronic properties of BZT to examine the origin of its large tetragonality.
II. COMPUTATION METHOD
The calculations were performed using the accurate fullpotential linear augmented plane-wave ͑FLAPW͒ method as implemented in WIEN2k code. 24 The Perdew-BurkeErnzerhof generalized gradient approximation ͑GGA͒ was used for the exchange correlation potentials. 25 The semirelativistic approximation effects were employed in the calculation for the valence states, while the core levels were treated fully relativistically. A matrix size ͑convergence͒ parameter R MT K MAX = 8 was used, where R MT is the smallest atomic radius and K MAX is the plane-wave cutoff. The muffin-tin radii of Bi, Zn, Ti, and O are 2.5, 2.1, 1.65, and 1.55 a.u., respectively. The Brillouin zone was sampled by 10ϫ 10 ϫ 5 k-point mesh. Experimentally, no ordering of the Zn and Ti cations on the B-site is observed in BZT. In this work, as shown in Fig. 1 , we employed a smallest 1a ϫ 1a ϫ 2c supercell ͑artificial superlattice structure͒ to model BZT, where the experimental lattice constants of a and c are used as starting structure parameters. Each supercell contains ten atoms, where the B-site Zn and Ti ions are ordered along the ͓001͔ direction. To obtain the theoretical equilibrium structure for BZT, both the lattice constants ͑a and c͒ and the atomic positions were optimized within the framework of a tetragonal symmetry ͑space group P4mm͒. The density of states ͑DOS͒ is computed by the tetrahedron method;
26 the convergence on the k-point mesh was also examined.
In order to confirm the ground-state structure obtained using FLAPW method, we also performed corresponding calculations employing another extensively used code, Vienna ab initio simulation package ͑VASP͒, 27 using the GGA on the basis of the projector augmented wave ͑PAW͒ method. 28 The plane-wave cutoff energy was set to 450 eV. These calculations were performed with a 10ϫ 10ϫ 5 Monkhorst-Pack k-point mesh. Note that, except as otherwise indicated, the conditions used for VASP calculations are the same as that for WIEN2k. The electric polarization was calculated using the modern polarization theory. 29, 30 We have used very large basis set with 600 eV for the plane-wave cutoff. For the k-space integration in the Berry-phase calculations, a uniform 16ϫ 16ϫ 8 k-point mesh was found to be adequate.
III. RESULTS AND DISCUSSION

A. Ground-state structure
To examine the effectivity of supercell model of BZT used here, we first performed calculations using the experimental tetragonality c / a ͑1.211͒. The experimental and calculated structure parameters, total energy, and relaxed fractional atomic coordinates are listed in Table I and II, respectively. When the tetragonality c / a was set to the experimental value of 1.211, the calculated lattice parameters ͑a and c͒ are about 1% larger than the experimental values. This is very precise for density-functional theory ͑DFT͒ within GGA. The experimental and calculated bond lengths are given in Table III This work, tetragonality c / a = 1.311 using WIEN2k-GGA.
Our calculations predict unequal Zn-O and Ti-O bond lengths. Similar results have also been reported in lead zirconate titanate ͓PbZr x Ti 1−x O 3 ͑PZT͔͒ system due to the differences in ionic size of the metal cations. 31 This is consistent with the experimental Raman spectroscopy study showing the broadening of the ͑Zn,Ti͒-O stretching and bending modes as compared to the corresponding Ti-O modes in PbTiO 3 . 20 This means that the theoretical supercell method is effective to describe the local structural distortion of BZT. Those structural distortions may include the tetragonal distortion of the unit cell and the off-center displacements of all ions. The large off-center displacements of B site cation and surrounding O anions make the B-centered oxygen octahedra change to square based pyramids, as suggested by experiment. 20 Due to the difference in size of Zn and Ti ions, the bond of Ti-O should be different from that of Zn-O bond. The length of c of the cell containing Ti ion ͑equal to the distance of two Bi ions͒ is 4.95 Å, about 0.58 Å longer than that of the cell containing Zn ͑4.37 Å͒. This suggests that Bi ion also has an off-center displacement along c axis, which may be dependent on the B-O bond length. It is noted that the Ti-O bond length in BZT is very short as compared to that in a typical ferroelectric Bi 4 Ti 3 O 12 , 32 indicating a much stronger covalent bonding of the Ti-O bonds in BZT.
To obtain the ground-state structure, full structure optimization was performed. During the structural optimization, it is found that the total energy of BZT can be decreased by either decreasing the lattice parameter a or increasing the tetragonality c / a. To determine the theoretical equilibrium structure, therefore, a series of calculations with varying lattice parameter a ͑about from 3.74 to 3.90 Å͒ and tetragonality c / a ͑from 1.211 to 1.331͒ were performed, where the fractional atomic coordinates are relaxed. The results are shown in Fig. 2 . For a given tetragonality c / a, the total energy of BZT has a local minimum, corresponding to a equilibrium volume. As the tetragonality increases, the equilibrium volume of system increases while the corresponding total energy reduces until the global minimum is reached. The increase in equilibrium volume corresponds to a decrease in pressure, which results in an increase in tetragonality. The same phenomenon of the reduced tetragonality under higher pressure has been reported in PbTiO 3 ͑Ref. 33͒ and PZT system. [34] [35] [36] The most energetically favorable lattice parameters calculated for Bi 2 ZnTiO 6 are a = 3.791 and c = 4.940 Å, about 1% less and 7% more than the experimental results, respectively. The corresponding theoretical tetragonality is c / a = 1.311, 8% larger than the experimental value. This is a surprisingly large tetragonality. To confirm the results obtained from WIEN2k calculations, VASP code using PAW potential was used to calculate fractional atomic coordinates with fixed lattice parameters a and c obtained from FLAPW method. The results are shown in Tables I and II. It is evident that both the total energy and the fractional atomic coordinates agree well with the FLAPW calculations, indicating that the calculated large tetragonality is reasonable. Our results show that the equilibrium volume is larger than the high-pressure experimental value, since our calculations were performed at zero temperature and zero pressure; and the larger tetragonality which is consistent with the fact that the tetragonality can be reduced by hydrostatic pressure. Here, we used DFT VASP method to confirm our FLAPW results. Further study on B-site order/disorder can be performed using VASP code, which is very useful for large size systems.
The structural optimization shows that the off-center displacement of an ion can reduce the total energy of the system until an equilibrium value is reached. As can be seen from Table II , when the tetragonality increases from 1.211 to 1.311, the change in fractional atomic coordinates is small. The last column of Table III shows that the bond lengths of Bi-O, Zn-O, and Ti-O are basically unchanged, except that the longest bond lengths of Ti-O and Zn-O are increased about 0.3 Å. This indicates strong coupling between the tetragonal distortion of the unit cell and internal atomic offcenter displacement. As the tetragonality increases, internal atom distortions take place in order to keep the change of bond length as small as possible ͑Table III͒. In this case, since the total energy of system is reduce, this internal atomic distortion is energetically favorable and has a intrinsic strong coupling with tetragonal distortion of the unit cell. So, we guess that the bonding environment of BZT with increasing tetragonality maybe does not vary too much. The material shows a "self-adapting" character. This phenomenon might be of particular importance for the understanding of its physical origin and for developing new type of highperformance lead-free piezoelectric materials.
B. Electronic properties
Band structure
To understand the origin of large tetragonality and chemical bonding character, we performed electric structure calculation for BZTs with different tetragonalities c / a = 1.211 and 1.311. Figure 3 shows the band structure of BZT along the high-symmetry directions in the first Brillouin zone. Fermi level is located at 0 eV. It is evident that the band structures of two BZTs with different tetragonalities are substantially similar. This is consistent with the bonding character from the bond length listed in Table III . The lowest part of band structure consists of Bi 6s derived peak, approximately located in the region from Ϫ11 to Ϫ9 eV below the Fermi energy. The valence band ͑VB͒ lying from Ϫ6 to Ϫ1 eV shows a substantial mixed character from all ions Bi, Zn, Ti, and O. The same is true for the conduction band in the region of 1-6 eV. For all BZT considered here, the top of VB at M͑A͒ point comes from occupied O 2p states, and the bottom of the conduction band at ⌫ point is composed of unoccupied Bi 6p states. An indirect band gap is thus formed between ⌫-M points. As tetragonality increases from 1.211 to 1.311, the band gap changes from 0.8 to 1.0 eV. Since GGA usually underestimates the band gap, the experimental value should be larger than the theoretical one.
It is noted that the Bi-O bonding determines the electronic properties of BZT, which is similar to the situation in simple hypothetical BiMO 3 compounds. 12 In addition, the band structures of BZT show smaller energy dispersions than those in simple perovskite BiMO 3 compounds, 12 indicating a larger electronic localization effect in the former system. The band structures along both M-A and ⌫-Z directions in the entire energy region considered are found to be extremely flat, indicating a remarkable strong bonding. This contributes to the short Ti/Zn-O bond length in the ͓001͔ direction ͑listed in Table III͒ . The flat band structure along ⌫-Z has also been reported in Bi 4 Ti 3 O 12 .
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DOS
The calculated total DOS ͑TDOS͒ for BZT with tetragonalities of 1.211 and 1.311 are shown in Fig. 4 . Fermi level is located at 0 eV. It is evident that there is no substantial difference in the shape of two BZTs, particularly in energy regions below 6 eV. It is observed that there are many hybridization peaks in the TDOS profile, indicating strong covalent bonding between ions, similar to the situation in ferroelectric Fig. 7 and 8͒ . In 12 Recently, Grinberg et al. 23 suggested that Zn-O hybridization also favors the coupling between A-and B-site displacements in the BZT-PbTiO 3 solid-solution systems. In addition, it has been reported in Bi 4 Ti 3 O 12 compound that the hybridization of Ti-O in the perovskite layers is enhanced indirectly by the Bi-O hybridization, which is the origin of ferroelectricity. 
Charge density
The charge density maps for ͑100͒ and ͑110͒ planes in BZT with different tetragonality are illustrated in Figs. 7 and 8. It is observed that there is no obvious qualitative change in bonding nature. This is consistent with the slight change in bond length. In addition, the covalent interactions between Bi and O ions, which do not exist in simple cubic BiMO 3 compounds, 12 are strong and so are the Zn-O and Ti-O covalent bondings. For comparison, the charge density map of PbTiO 3 , calculated using experimental structure data, is shown in Fig. 9 . The results on PT agree well with that in Ref. 37 . When Fig. 7 is compared with Fig. 9 , it becomes evident that there is surprising similarity in the density map between BZT and PT. Therefore, a strong two-dimensional covalent bonding is also formed in BZT just like that in PT ͑Ref. 37͒ ͓three-dimensional view is shown in Fig. 2͑e͔͒ . Considering previous analysis, the two-dimensional covalent-bonding means that the electron transfer between cations Bi/Ti/Zn and anions O is very easy, and the coupling between the bondings of Bi-O and Ti-O/Zn-O is strong. As tetragonality increases, the localization of electron only slightly increases, resulting two-dimensional character more observable. In addition, it can be seen clearly that Bi 6s lone pair has a lobe shape. Its role on structure distortion has been discussed in the BiMO 3 compound.
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C. The polarization of BZT and the role of Zn
Using Berry-phase method, 29, 30 the spontaneous polarizations of BZTs with different tetragonality have been calculated and the results are listed in Table I . The Berry-phase polarization was calculated with the reference centrosymmetric structure, for which polarization was set zero. Here we only give the polarization with 100% displacements. Our calculations show that BZT has a polarization as high as 122 C / cm 2 , which is huge and attractive for potential applications. The huge polarization of BZT results from the large tetragonality c / a and the substantial internal atomic off-center displacements. The stability of huge tetragonality of BZT is discussed as follows. On one hand, the strong Bi-O hybridization in BZT results in a shorter Bi-O bond length and therefore a lattice constant ͑a = 3.791 Å͒ smaller than that in a general perovskite structure ͑a = 4.0 Å͒. Such a small lattice constant is helpful to keep the large tetragonality, similar to the constraint on films from substrates. On the other hand, the strong covalence of Zn-O/Ti-O chains along c direction, which induces the ferroelectric instability in ABO 3 perovskite compounds, 38, 39 is also beneficial to the stabilization of large tetragonality. 40 Moreover, since the coupling between tetragonality and internal atomic off-center displacements is energetically favorable, the resulting large tetragonality in BZT is stable and has been experimentally confirmed. 20 To reveal the role of Zn ions, we performed the charge density calculations on Bi 2 MgTiO 6 ͑BMT͒, employing the BZT structure with the substitution of Zn by Mg and with a tetragonality of 1.311. The charge density maps in Fig. 10 show that the bonding of Mg-O has an ionic nature, which is substantially different from the Zn-O bonding in BZT. It is well known that covalent bond is essential for ferroelectricity. 40 Therefore, the ionic bonding of Mg-O makes Mg and O ions lose the driving force of off-center displacement along the ͓001͔ direction and results in the absence of ferroelectricity in BMT.
IV. CONCLUSIONS
In summary, the structural and electronic properties of Bi 2 ZnTiO 6 have been calculated using the supercell method. The theoretical structure we obtained confirms the extra large tetragonality observed by experiment. The materials exhibit a semiconductor behavior with an indirect band gap between the occupied O 2p and unoccupied Bi 6p states. There are strong hybridization effects between Bi-O ions as well as Ti-O and Zn-O ones. The covalent resulting bondings strengthen each other and favor the coupling between the tetragonal distortion of unit cell and off-center displacements of A-and B-site cations due to the presence of Zn. This stabilizes BZT with a large tetragonality. Our study suggests that the coupling between the A-and B-site ionic displacements should be examined in the first instance in the search of B-site complex BiMM'O 3 compounds with large tetragonality or in the search of Bi-based multiferroics with a strong coupling between ferroelectric and magnetic orders. Finally, we propose that Bi 2 ZnTiO 6 doped with a magnetic atom may be a promising multiferroic with strong ferromagnetic coupling, if the strong coupling of A-O-B is preserved. 
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